Background and Aims Silicon has been shown to enhance the resistance of plants to fungal and bacterial pathogens. Here, the effect of potassium silicate was assessed on two cotton (Gossypium hirsutum) cultivars subsequently inoculated with Fusarium oxysporum f. sp. vasinfectum (Fov). Sicot 189 is moderately resistant whilst Sicot F-1 is the second most resistant commercial cultivar presently available in Australia.
INTRODUCTION
Plant defence reactions to infection by formae speciales of Fusarium oxysporum are well characterized in many host species including cotton (Shi et al., 1991 (Shi et al., , 1992 Hall et al., 2011) , and result in the restriction of pathogen growth in the vascular tissue. Ultrastructural defence responses of cotton occurring once F. oxysporum f. sp vasinfectum (Fov) has infected the xylem vessels include increased granular material on cell walls, deposition of wall appositions and formation of osmiophilic substances Mueller and Beckman, 1991) . Lipoidal substances and osmiophilic aggregates are secreted into infected vessels from contact cells through pits, often coating any fungal hyphae present and effectively occluding vessel lumens, inhibiting fungal spread (Shi et al., 1992) . Cells in cotton roots shown by histochemistry to contain phenolic compounds make up 5-10 % of the cell population within cortical, ray, pith and xylem tissue, and are rapidly oxidized during infection events (Beckman, 2000) . Such stored phenols may play a role in defence signalling and in lignin formation, whereby their oxidation and polymerization reinforces cell walls and helps seal off infected vessels, thus limiting the spread of the fungus (Beckman, 2000) .
More recently, Hall et al. (2011) observed, by light microscopy and transmission electron microscopy (TEM), the accumulation of amorphous materials in xylem vessel lumens of cotton roots of a moderately resistant cultivar infected with Fov. There was also an increase in cytoplasmic density and segmentation of vacuoles in adjacent parenchyma cells. Specific staining and high-performance liquid chromatography (HPLC) demonstrated that the terpenoids hemigossypol, desoxyhemigossypol, desoxymethoxyhemigossypol and gossypol accumulated in xylem vessels ahead of the invading hyphae. In a cultivar considered susceptible to Fov, responses were delayed and less intense, and hyphae continued to grow in advance of terpenoid accumulation. The authors concluded that the timing, amount and location of terpenoid compound accumulation were consistent with their role in restriction of the pathogen's growth in the more resistant cultivar.
Similar cellular defence responses have been observed in interactions involving other species of root-infecting fungi. In cotton infected with Verticillium dahliae, alterations to contact parenchyma cells and increased terpenoid and phenolic compound accumulation occurred rapidly in resistant cultivars, and at a later time point in more susceptible cultivars (Daayf et al., 1997) . In cucumber infected by Pythium ultimum, the progress of the pathogen through the cortex was accompanied by collapse and disintegration of host cells and organelles (Chérif et al., 1991) . Accumulated electron-dense material in infected cells was associated with colonizing hyphae and appeared to prevent their movement into surrounding cells. As was observed in Fusarium-infected plants, this amorphous electrondense substance was also found coating pit cavities of xylem vessels or in close proximity to vessel-occluding tyloses (Chérif et al., 1991) .
Silicon (Si) is present in all plants; however, the concentration deposited in the shoot ranges between 0Á1 and 10 % on a dry weight basis, depending on species and genotypic variation within a species (Ma and Yamaji, 2008) . Amongst the angiosperms, species within the Cyperaceae (sedges) and Poaceae (grasses) are considered to be 'high' Si accumulators (Ma and Yamaji, 2008) . For example, wetland rice is regarded as a 'high' Si-accumulating species, containing !10 % of Si on a dry weight basis, dryland grasses such as oats and rye are intermediate with 1-3 %, while most dicotyledonous plants are considered to be low Si-accumulating species, with <1 % Si d. wt (Epstein, 1999) . For example, Si in young leaves of cucumber grown in potting mix was 0Á6 %; however, this increased to 1Á4-2Á2 % d. wt in similar leaves of plants grown in Siamended media (Muir 2001) . The relative Si content in leaf or shoot tissues of rice is approx. 4Á3 times that of cotton (Hodson et al., 2005) .
There is evidence to support the roles of Si in physical and biochemical mechanisms associated with reduced effects of plant pathogens in many plants including wheat, rice, pea and cucumber (e.g. Fawe et al., 1998; Dann and Muir, 2002; Bélanger et al., 2003; Cai et al., 2008) . In cotton seedlings, the severity of angular leaf spot, following inoculation with the bacterium Xanthomonas citri subsp. malvacearum, was halved and plant heights increased when grown in soil amended with calcium silicate (Oliveira et al., 2012) . There was no effect on the numbers of plants with symptoms, or the time taken to develop symptoms of bacterial infection. At 24 h after inoculation, the activity of defence-related enzymes such as peroxidase, phenylalanine lyase and b-1,3-glucanase was significantly greater in plants grown with additional Si compared with those grown without Si (Oliveira et al., 2012) . There have also been recent reports of Si amendment reducing the severity of ramularia leaf spot and tropical rust diseases in cotton, caused by Ramularia areola and Phakopsora gossypii, respectively, with apparent increases in some biochemical defences (Curvelo et al., 2013; Guerra et al., 2013) .
The effect of Si amendment of growth media on Fusarium wilt in banana, caused by Fusarium oxysporum f. sp. cubense (Foc), has been reported. Following root inoculation, symptoms were significantly reduced in seedlings grown in mix amended with calcium silicate than in plants not amended with Si (Fortunato et al., 2012b) . The greatest effect (reduction in symptom severity) was observed in the cultivar known to be more susceptible to Foc. Total soluble phenolic compounds and lignin concentrations, and activities of some defence-related enzymes, increased significantly in roots of banana plants grown with Si amendment, compared with those from non-amended, inoculated roots (Fortunato et al., 2012a) . Histological examination showed increased accumulation of flavonoid compounds in sclerenchyma and phloem and metaxylem vessels, and a more dense deposition of lignin in the root cortex of the plants grown with calcium silicate and inoculated with Foc than when grown in the absence of supplied Si (Fortunato et al., 2014) . Another histological study demonstrated direct effects of Si amendment on the Foc fungus and its infection process (Jones et al., 2011) . In Si-amended plants inoculated with Foc, fungal hyphae were mostly external to the root, highly vacuolated, swollen and had thinner fungal cell walls, compared with nonSi control plants, where Foc hyphae had begun colonizing intercellular and intracellular spaces within the banana root (Jones et al., 2011) .
The aim of the present study was to determine whether the addition of Si to cotton growth media had an effect on cellular defence processes, such as deposition of electron-dense material and occlusion of endodermal cells, and lignin and phenolic compound concentration, after inoculation of roots with the Fusarium wilt pathogen, Fov. The responses in two cultivars with different field resistances to this pathogen was compared. ), in media consisting of one part University of California mix (Bunt, 1988) and three parts vermiculite.
MATERIALS AND METHODS

Plant material and treatments
Seed of
Potassium silicate soil drench was chosen as the preferred Si source, as there were indications that it reduced the incidence of infection by Fov and reduced vascular discoloration in Sicot F-1, compared with calcium silicate, potassium sulphate or calcium sulphate, delivering equivalent concentrations of potassium and calcium to their respective Si-containing salts (Whan, 2010) . Potassium silicate also increased plant height and biomass, and nutrient analysis of shoot tissue demonstrated that the regular addition of soluble Si to media increased uptake of Si, with significantly more Si present in shoots of potassium silicate-treated plants of both cultivars compared with that observed in all other treatments, including calcium silicate (Whan, 2010) .
Potassium silicate (Kasil V R ; PQ Corporation, 1Á5 mL L -1 water, equivalent to 0Á56 g SiO 2 L -1 ) was applied weekly as a soil drench (150 mL per pot) for 3 weeks prior to inoculation of roots with Fov, delivering a total of 1Á68 g of SiO 2 per plant. Equivalent volumes of deionized water were applied to control plants. Four treatments were assessed: potassium silicate followed by mock (water) inoculation only (silicate-water), potassium silicate followed by Fov inoculation (silicate-Fov), no potassium silicate treatment followed by mock inoculation (water-water) and no potassium silicate treatment followed by Fov inoculation (water-Fov).
Fov preparation and inoculation of seedlings Fusarium oxysporum f. sp. vasinfectum (Fov) VCG 01111 isolates (BRIP 43343 and 25372) were obtained from the culture collection of Agri-Science Queensland, Department of Employment, Economic Development and Innovation (previously Department of Primary Industries and Fisheries) and maintained on filter paper, carnation leaf agar (CLA) or potato dextrose agar (PDA). Isolates maintained on CLA were subcultured every 2 weeks. Potato dextrose broth (PDB, Difco) was prepared in 500 mL conical flasks, sterilized and supplemented with 100 lg mL -1 streptomycin sulphate. PDB was inoculated with mycelial plugs obtained from CLA or PDA cultures for each isolate and placed on an orbital shaker at room temperature for 7-10 d. Three-week-old seedlings were inoculated using a root dip method. Seedlings were gently uprooted and excess potting mix was washed from the root system before they were immersed in the conidial suspension for 15 min. Plants were then returned to the same pots and substrate, and returned to the growth cabinet.
Light microscopy and transmission electron microscopy
Small sections of tap and lateral roots were severed under fixative consisting of 3 % (v/v) glutaraldehyde in 0Á1 M phosphate buffer (pH 6Á8). Up to 50 individual samples representing each treatment were examined throughout the duration of the experiment, with samples taken at 2, 3, 7, 14 and 28 days postinoculation (dpi). Sample processing was carried out using the Pelco Biowave V R Microwave Processing System (Pelco International, Clovis, CA, USA) based on the method outlined by Wendt et al. (2004) , with some modifications as follows: uranyl acetate staining was omitted from the procedure and samples were further infiltrated with 100 % Epon resin on a rotary mixer for 1-3 d prior to embedding, with daily resin changes. Sectioning was performed with an ultramicrotome (Leica EM UC6) using glass and diamond knives. Thick sections (1 lm) for orientation, location of fungal cells and cellular examination were cut initially with glass knives, stained with Toluidine blue, and viewed with a light microscope (BX-61, Olympus) fitted with a digital camera system (DP70, Olympus). Thin sections (approx. 60-70 nm) were cut with a diamond knife and transferred onto Formvar-coated copper grids. Grids were post-stained in uranyl acetate and lead citrate (Samuels et al., 1994) and examined at 80 kV with a JEOL 1010 transmission electron microscope (JEOL Ltd, Akishima, Tokyo, Japan) fitted with a SIS Megaview III Slowscan Camera and Image Capture System (Olympus).
Quantification of total soluble phenolic compounds
Three biological replicates of each sample, each consisting of plant material from 6-8 seedlings were harvested at 3 and 7 dpi and snap-frozen in liquid nitrogen. The material was ground to a fine powder in a mortar and pestle and weighed before approx. 1 g was transferred to 15 mL Falcon tubes (BD Biosciences, USA). Extraction solvent (10 mL g -1 ) consisting of 60 % (v/v) aqueous methanol in sterile deionized water (SDW) was added; the tubes were mixed thoroughly using a vortex mixer and then incubated in the dark at room temperature for 4 h. The solution was again mixed thoroughly using a vortex mixer, filtered through Miracloth and 1Á5 mL aliquots were transferred to microcentrifuge tubes. The crude extract was centrifuged (1300 g; 5 min) and the supernatant was transferred to clean 1Á5 mL tubes before being diluted with an equal volume of SDW.
The concentration of total soluble phenolic compounds was determined as per Gao et al. (2000) with some modifications. In 96-well microtitre plates (Iwaki; Crown Scientific, NSW, Australia), 30 lL of diluted plant extracts were mixed with 150 lL of Folin-Ciocalteu reagent (10 %, v/v). Sodium carbonate solution (7Á5 %, v/v; 120 lL) was added and, after mixing and incubating at room temperature in the dark, absorbances (725 nm) were read on a plate reader (Titertek, Alabama, USA). A gallic acid (Sigma-Aldrich) standard curve was constructed from which absorbances obtained in extracts of samples could be extrapolated and expressed as mg gallic acid equivalents (GAE) g -1 d. wt.
Lignin quantification
Lignin was quantified by the thioglycolic acid (TGA) method outlined by Barber and Ride (1988) and modified by Rodrigues et al. (2005) . The pellet remaining after extraction of the total soluble phenolic compounds was suspended in SDW (1Á5 mL), washed, centrifuged (12 000 g; 5 min) and the pellet air-dried for 48 h before adding TGA (Sigma-Aldrich) (0Á5 mL) and 2 M HCl (5 mL) to convert lignin to TGA-lignin (TGAL) derivatives. The mixture was placed in a boiling water bath (4 h), cooled and centrifuged (12 000 g; 5 min). The pellet was washed with SDW by centrifuging, mixed with 0Á5 M NaOH (1Á5 mL) and incubated for 10 h at room temperature with shaking. The supernatant was transferred to new tubes and concentrated HCl (200 lL) was added and kept at 4 C for 4 h to precipitate TGAL derivatives. After centrifuging, the pellet was dissolved in 0Á05 M NaOH (2 mL), and the absorbance (280 nm) read using a spectrophotometer (Nanodrop 1000, Thermo Scientific). Alkali lignin (2-hydroxypropyl ether) (Sigma-Aldrich) was used as the reference standard.
Statistical analyses
Data from total soluble phenolic compounds and lignin assays were analysed using Minitab 15 statistical software with a 0Á05 significance level (P < 0Á05). Data were confirmed as following a normal distribution pattern (Kolmogorov-Smirnov test) prior to the application of statistical tests. Differences resulting from the applied treatments were identified using one-way analysis of variance (ANOVA), and post-hoc location of differences between individual treatments was achieved using Tukey's multiple comparison test. In all cases where a significant difference between treatments is indicated, the level was P < 0Á05.
RESULTS
Histological examination
Light microscopy of Toluidine blue-stained sections of roots from Sicot F-1 from the silicate-Fov treatment showed the presence of fungal hyphae in both xylem vessels and contact cells, with penetration events via vascular pits evident (Fig. 1A) . Infected cells and adjacent cells showed green staining of amorphous material and also of the fungal hyphae. This green staining indicates the presence of phenolic compounds (Vermerris and Nicholson, 2006) , suggesting that cells were occluded with phenolic substances and that fungal hyphae were coated in a layer of this material. Similarly stained sections obtained from Sicot 189 did not exhibit this pattern of staining (Fig. 1B) , and the infected vessels were not occluded.
Ultrastructural examinations using TEM
Responses of tissues to mock inoculation. Tap and lateral roots of plants from silicate-water and water-water treatments were healthy and white in appearance, with no evidence of necrosis. Epidermal and cortical cells were normal and well defined in appearance, with no evidence of cytoplasmic inclusions or wall appositions. Endodermal regions displayed intact, regularly shaped cells with no indication of thickening or distortion, and with no apparent deposition of electron-dense material following osmium tetroxide treatment ( Fig. 2A) . In the vascular stele, the lumens of mature vessels were free of electron-dense material or globular, tylose-like structures (Fig. 2B) . Parenchymous contact cells contained large vacuoles with intact organelles; plasma membranes were appressed closely to cell walls and there was no evidence of cytoplasmic inclusions.
Effect of silicon treatment on Sicot 189 plants inoculated with
Fov. Defence responses observed in root epidermal, endodermal and cortical regions from silicate-Fov-treated Sicot 189 plants were not discernibly different from those observed in the water-Fov treatment. However, the Si treatment had a more pronounced effect in the vascular stele. In water-Fov plants, fungal cells were present in xylem vessels, and these vessels were devoid of inclusions or tylose formation (Fig. 3A) . This is in direct contrast to what was seen from a silicate-Fov plant sampled at 7 dpi (Fig. 3B) . Granular aggregations densely coated the xylem vessel walls of infected and adjacent cells, releasing droplets or strands of this material into the cell lumen in the direction of the invading hyphae (Fig. 3B ). An infected xylem vessel from a silicate-treated plant was occluded with aggregated deposits in the vicinity of the pit membrane, where several hyphae were attempting to penetrate into the adjacent vessel (Fig. 3C) .
Effect of silicon treatment on Sicot F-1 plants inoculated with
Fov. Epidermal and cortical defence responses observed in Sicot F-1 plants treated with potassium silicate or water followed by inoculation with Fov (silicate-Fov and water-Fov, respectively) were mostly similar to those observed in Sicot 189 plants, but occurred earlier, within 3 dpi. Defence reactions occurring in endodermal and vascular regions of Sicot F-1 plants were more intense in Si-treated plants than in those without Si, where intact hyphae and minimal occlusion of cells adjacent to endodermal cells were observed, though occlusion of endodermal cells was still apparent (Fig. 4A) . In comparison, extensive deposition of amorphous material in infected cells of a silicateFov Sicot F-1 plant immediately adjacent to endodermal cells was evident within 3 dpi (Fig. 4B) . The endodermal cells were highly occluded with osmiophilic material (Fig. 4B) . The reactions of xylem vessels to fungal ingress were more intense in Sicot F-1 plants from silicate-Fov treatment than in those from water-Fov treatment. Infected xylem vessels from water-Fov plants did not have thick linings or deposits of electron-dense material as was seen in silicate-Fov-treated plants (Fig. 4C, D) . Xylem vessels from silicate-Fov plants were densely occluded (Fig. 4D) , whereas those from water-Fov plants had comparatively fewer aggregations (Fig. 4C ).
Comparative responses of Sicot 189 and Sicot F-1 plants to silicate-Fov treatment. Defence responses in endodermal and vascular regions of root tissues were more rapid and intense in the resistant cultivar Sicot F-1 compared with the moderately resistant Sicot 189. At 7 dpi, infected xylem vessels in Sitreated Sicot F-1 plants were occluded with osmiophilic deposits (Fig. 5A, B) , and lining of pit membranes with darkly staining amorphous material was greater than that observed in similarly infected Sicot 189 cells (Fig. 5C ).
Concentration of total soluble phenolic compounds
Significantly higher concentration of phenolic compounds were detected in the more resistant Sicot F-1 plants at 3 dpi in plants from the silicate-Fov and water-Fov treatments, compared with water-water controls (Fig. 6A) . The concentration of phenolic compounds in plants of Sicot F-1 from the silicatewater treatment were not significantly different from the other treatments (Fig. 6A) . In Sicot 189, the cultivar more susceptible to Fov, phenolic concentrations at 3 dpi were greatest in waterFov-treated plants, and were statistically higher than concentrations detected in plants from water-water and silicate-water treatments (Fig. 6A) . At 7 dpi in silicate-Fov-treated Sicot F-1 plants, the concentration of phenolic compounds was significantly higher compared with all other treatments; 2-fold more than was detected in plants from water-Fov treatment and approx. 4-fold more than in plants from silicate-water and water-water treatments (Fig. 6B) . The concentration of phenolic compounds at 7 dpi was greatest in Sicot 189 plants treated with Si followed by Fov inoculation (silicate-Fov), which was significantly higher than in plants from silicate-water and water-water treatments (Fig. 6B) . The concentration in plants from the water-water control treatment was significantly lower than in all other treatments for Sicot 189 (Fig. 6B) .
Concentration of lignin and lignin-like phenolic polymers
Significantly greater lignin concentrations were observed in Sicot F-1 plants treated with Si followed by inoculation with Fov (silicate-Fov) than in the other three treatments at 3 dpi (Fig. 7A) . These plants had an average of approx. 30 % lignin dry weight, approximately 1Á8 times more than that detected in water-Fov-treated plants. The concentration of lignin found in water-Fov-treated plants was significantly higher than in the silicate-water and water-water treatments (Fig. 7A) . In Sicot 189 roots harvested at 3 dpi, concentrations of lignin were similar for silicate-Fov and water-Fov treatments, and were significantly higher than in silicate-water and water-water control plants (Fig. 7A) . By 7 dpi, the lignin concentrations in each cultivar treated with water-Fov or silicate-Fov were similar, and were significantly greater than in the respective silicate-water and water-water control plants (Fig. 7B ).
DISCUSSION
The current study demonstrated that roots of cotton plants supplied with Si and subsequently inoculated with Fov responded with heightened cellular defences compared with those which had not been inoculated, or which had been supplied with Si impeded by osmiophillic droplets (OD) (7 dpi).
followed by mock inoculation with water. These defence responses were particularly evident in the endodermal and vascular regions of infected plants, and occurred more rapidly in the more resistant Sicot F-1 cultivar than in Sicot 189 plants.
The more rapid and intense cellular responses in the Fov-resistant cultivar Sicot F-1 supports a recent study by Hall et al. (2011) , where accumulation of amorphous material in xylem vessel lumens and adjacent parenchyma cells of cotton roots occurred more rapidly and in greater amounts after Fov inoculation of the more resistant Sicot 189 than in the highly susceptible cultivar Siokra 1-4. The two studies observed similar Toluidine blue staining patterns, consistent with phenolic compound deposition (Vermerris and Nicholson, 2006; Hall et al., 2011) . It is likely that terpenoid compounds are also involved in the rapid cellular response in resistant cultivars, as HPLC analyses demonstrated that hemigossypol, desoxyhemigossypol, desoxymethoxyhemigossypol and gossypol accumulated in xylem vessels in advance of the invading hyphae in Sicot 189 but not in Siokra 1-4 (Hall et al., 2011) .
The greater cellular response of inoculated cotton plants to Si treatment as observed by TEM and light microscopy is associated with high concentrations of phenolic compounds at 7 dpi. At 3 dpi, more phenolic compounds were accumulated in the less resistant Sicot 189 plants than Sicot F-1 plants, suggesting that Sicot 189 may possess higher constitutive concentrations of these compounds than the more resistant cultivar, Sicot F-1. These results differ from the total soluble phenolic compound concentrations reported by Daayf et al. (1997) in resistant (Ashmouni) and susceptible (ISA 205) cotton lines inoculated with another vascular fungal pathogen, Verticillium dahliae, where induction was observed in resistant lines from 2 dpi, whilst induction in susceptible lines was not detected until 4 dpi. The concentration of lignin (and lignin-like polymers) in roots of each cultivar was enhanced at 3 and 7 dpi by Fov inoculation, and the supply of Si followed by subsequent inoculation further enhanced the lignin concentration in the resistant Sicot F-1 but not in Sicot 189. Although monolignols may be directly toxic to fungi (Keen and Littlefield, 1979) , the physical barrier to pathogens is implicated in the disease resistance mechanism (Nicholson and Hammerschmidt, 1992) . The relationship between lignin formation and Si accumulation has been investigated previously where polymerized Si was observed to contribute towards the reinforcement of cell walls by binding to lignin (Inanaga et al., 1995) . This phenomenon may be apparent in species considered to be high Si accumulators, where the formation of a physical barrier is thought to play a major role in resistance. However, Bélanger et al. (2003) suggested that the increased accumulation of phenolic compounds in Si-treated plants is more crucial for establishing a direct fungitoxic effect, rather than its passive contribution towards lignin accumulation and cell wall strengthening.
The current study corroborates and extends previous reports of enhanced resistance to Fusarium wilt mediated by Si.
In banana, histological studies showed lignin and flavonoid compounds accumulated around the vascular tissues and cortex of roots inoculated with Foc, where Si had been supplied during growth (Fortunato et al., 2014) , although only a susceptible cultivar of banana was investigated. Quantification of some biochemical defence responses in roots, for example total soluble phenolic compounds and lignin (and lignin-like) concentrations, demonstrated increases after Si amendment and inoculation with Foc, although there were no apparent differences between susceptible (Maçã) or resistant (Grand Nain) cultivars (Fortunato et al., 2012a) .
In conclusion, this study demonstrated that Si treatment affected cellular defence responses in cotton roots subsequently inoculated with Fov, particularly in a cultivar with greater inherent resistance to this pathogen. This suggests that in the more resistant cultivar, Sicot-F1, Si may interact with or initiate defence pathways faster than in the less resistant cultivar. More intense defence responses were observed in endodermal and vascular regions than in epidermal and cortical regions of roots.
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